Aims Formation of root cortical aerenchyma (RCA) can be induced by nutrient deficiency. In species adapted to aerobic soil conditions, this response is adaptive by reducing root maintenance requirements, thereby permitting greater soil exploration. One trade-off of RCA formation may be reduced radial transport of nutrients due to reduction in living cortical tissue. To test this hypothesis, radial nutrient transport in intact roots of maize (Zea mays) was investigated in two radiolabelling experiments employing genotypes with contrasting RCA. † Methods In the first experiment, time-course dynamics of phosphate loading into the xylem were measured from excised nodal roots that varied in RCA formation. In the second experiment, uptake of phosphate, calcium and sulphate was measured in seminal roots of intact young plants in which variation in RCA was induced by treatments altering ethylene action or genetic differences. † Key Results In each of three paired genotype comparisons, the rate of phosphate exudation of high-RCA genotypes was significantly less than that of low-RCA genotypes. In the second experiment, radial nutrient transport of phosphate and calcium was negatively correlated with the extent of RCA for some genotypes. † Conclusions The results support the hypothesis that RCA can reduce radial transport of some nutrients in some genotypes, which could be an important trade-off of this trait.
INTRODUCTION
Root cortical aerenchyma (RCA) in maize is formed by programmed cell death of cortical cells, leaving air-filled lacunae (Esau, 1977) . RCA is induced by a variety of stimuli, including hypoxia, nutrient deficiency, mechanical impedance and drought (Drew et al., 1980 (Drew et al., , 2000 He et al., 1996; Bouranis et al., 2003; Zhu et al., 2010) . We hypothesized that RCA may be an adaptive response to nutrient stress by reducing the metabolic cost of soil exploration (Lynch and Brown, 1998) . In support of this hypothesis, Fan et al. (2003) observed a 70 % decrease in respiration of maize (Zea mays) aerenchymatous roots compared with non-aerenchymatous roots, and showed that RCA formation was negatively correlated with respiration and tissue phosphorus content when RCA formation was manipulated by genetics, phosphorus availability or ethylene. Similarly, respiration rates were lower in seminal roots of maize genotypes that produced large amounts of RCA under drought stress, and this was associated with greater rooting depth and improved leaf water status, shoot growth and yield (Zhu et al., 2010) . Simulations with the structural-functional model SimRoot predicted that RCA would increase growth under low phosphorus, potassium or nitrogen stress by remobilizing nutrients from the root cortex and reducing root respiration Lynch 2010, 2011) .
Trade-offs for RCA formation are not understood, but the presence of genetic variation within maize for this trait suggests that RCA formation confers both benefits and costs. A study of the effect of RCA on root mechanical strength, measured as resistance to radial compression, showed that species with multiseriate rings in the outer cortex, including maize, were not weakened by the presence of flooding-induced RCA, while species lacking multiseriate rings collapsed more readily (Striker et al., 2007) . RCA formed under phosphorus deficiency contributed to reduced radial hydraulic conductivity in maize roots (Fan et al., 2007) . An additional possible trade-off of RCA formation may be reduced radial transport of nutrients across the cortex, caused by longer path length and reduced cross-sectional area of both apoplastic and symplastic pathways. This study tested this hypothesis by examining the effects of RCA on radial transport of phosphate, calcium and sulphate in maize roots. We used natural genetic variation as well as ethylene and 1-methylcyclopropene (1-MCP) treatments to produce plants with varying RCA. We hypothesized that RCA would decrease radial transport of these nutrients.
MATERIALS AND METHODS
Two sets of experiments were conducted using radiolabelling to measure the effects of RCA on radial nutrient transport in maize:
(1) a time-course study using excised roots (experiment 1) and (2) whole-plant studies on nutrient uptake (experiment 2). In experiment 1, six recombinant inbred lines (RILs) with contrasting RCA were used and 32 P transport and exudation were measured in a short segment of an excised nodal root. In experiment 2, a range of RCA expression was generated by making use of genetic variation among three RILs and treatments with 1-MCP and ethylene. Segments of intact seminal roots were exposed to 45 Ca, 32 P or 35 S and radioactivity was measured in shoots and nutrient solution to assess nutrient transport.
Plant materials and culture
Recombinant inbred lines (RIL 15, RIL 345, RIL 360, RIL 369, RIL 61 , RIL 321 in experiment 1 and RIL 39, RIL 76 and RIL 364 in experiment 2) of maize (Zea mays) from the IBM (Intermated B73 × Mo17) population (USDA/ARS Maize Genetics Cooperation Stock Center, Urbana, IL, USA) were selected for this study based on contrasting RCA formation in screening studies. Plant growth conditions were similar in the two experiments. Seeds were surface-sterilized in 50 % bleach (3 % NaOCl),imbibedina benomyl solution(DuPont, Wilmington DE; 5 g L 21 for 3 h in experiment 1; 8 g L 21 for 1 . 5 h in experiment 2), then transferred to germination paper (76 lb, Anchor Paper, St Paul, MN, USA), where they were rolled up and maintained in covered beakers (5 L in experiment 1; 1 L in experiment 2) containing CaSO 4 (1 L of 0 . 5 mM in experiment 1; 150 mL of 0 . 25 mM in experiment 2) and benomyl (2 . 5 g L 21 in experiment 1; 4 g L 21 in experiment 2) at 28 8C (4 days in experiment 1; 6 days in experiment 2) in a dark chamber. In experiment 1, germinated seedlings in rolls were then placed under a fluorescent light ( 45 mmol m 22 s
21
) for 1 day before transplanting to aerated solution culture. Seedlings (12 per container in experiment 1; 24 per container in experiment 2) were transferred to open-cell foam plugs suspended above solution culture tanks (30 L in experiment 1; 100 L in experiment 2) and grown in a greenhouse at The Pennsylvania State University, USA 40 . 802115, -77 . 860794. In experiment 1, plants were grown for 12 days during July, when the average temperature was 33 8C, average humidity was 45 % and mid-day solar radiation levels averaged 720 mmol m 22 s
. In experiment 2, plants were grown for 7-8 days in March, when temperatures averaged 29 8C and mid-day solar radiation levels averaged 400 mmol m 22 s
. Ambient light was supplemented with metal halide lamps ( 150 mmol m 22 s
; 16 h photoperiod). The nutrient solution (pH 4 . 5) contained 3 mM KNO 3 , 2 mM Ca(NO 3 ) 2 , 0 . 5 mM MgSO 4 , 0 . 5 mM (NH 4 ) 2 SO 4 , 0 . 5 mM NH 4 H 2 PO 4 , 25 mM H 3 BO 3 , 0 . 5 mM CuSO 4 , 50 mM Fe-diethylenetriamine penta acetic acid, ferric-sodium complex (DTPA), 2 mM MnSO 4 , 0 . 5 mM (NH 4 ) 6 Mo 7 O 24 , 2 mM ZnSO 4 , 50 mM KCl and 50 mM FeNH 4 SO 4 . In experiment 1, the pH of the nutrient solution was adjusted every 2 days to 5 . 5 with KOH, and the nutrient solution was replaced entirely every 7 days.
Ethylene and 1-MCP treatments
Root treatments to manipulate RCA production in experiment 2 included a control (air), root-zone ethylene application and root-zone 1-MCP application, applied continuously beginning at seedling transfer to solution culture. Ethylene promotes RCA formation (Evans, 2003) , and 1-MCP reduces RCA formation (Fan et al., 2003) by inhibiting ethylene action. Solution culture tanks in the control treatment were bubbled at 30 mL min 21 with ambient air. In the ethylene treatment, compressed ethylene (1 mL L 21 in air, as used by Gunawardena et al. (2001) was bubbled through solution culture tanks at 30 mL min
21
. Ethylene concentrations in the headspace of the solution culture tanks were measured periodically by gas chromatography (Hewlett-Packard 6890) and averaged 0 . 56 + 0 . 06 mL L
. For the 1-MCP treatment, 1-methylcyclopropene (3 . 8 % active ingredient, Rohm and Haas, Philadelphia, PA, USA) was volatilized by dissolving 0 . 17 g in 5 mL water in a glass scintillation vial, and then transferred quickly into a 2-L sidearm flask. An open-cell foam plug was used to enclose the mouth of the flask, and the headspace containing 1-MCP gas was bubbled through three 100-L tanks at a rate of 30 mL min 21 in each tank to achieve a 1-MCP concentration of 7 . 7 mL L 21 solution, assuming all 1-MCP dissolved in solution. The air pump ran continuously, and the 1-MCP was replenished daily into the sidearm flask.
Radionuclide treatments
Experiment 1: 32 P transport dynamics in excised root segments.
Experiment 1 was performed to measure the movement of 32 P in excised root segments. Pairs of RILs were selected for simultaneous testing based on contrasting RCA phenotypes in previous screening studies. Plants were transferred to a laboratory adjacent to the greenhouse. The apical 8 cm of a first-whorl nodal root was excised and installed in a modified Pitman chamber ( Fig. 1A ) (Lynch and Läuchli, 1984) , permitting treatment of a known length of root (in this case 7 . 4 mm) with radionuclide. A 10-mm segment of root extended from the 1-mL treatment compartment to the 0 . 5-mL receiver compartment (Fig. 1A) . Silicon grease (Dow Corning, Midland, MI, USA) was used to isolate the compartments from each other. A solution containing 0 . 5 mM CaSO 4 , 0 . 5 mM KNO 3 and 0 . 05 mM KH 2 PO 4 at pH 6 . 0 was added to the treatment compartment, the receiver compartment and the space around the root tip. The entire assembly with the root tip was sealed with silicon grease and placed in a temperature-controlled water bath at 25 8C.
Sixty minutes after excision, the solution in the treatment compartment was replaced with fresh nutrient solution containing approximately 10 mCi 32 PO 4 . The solution in the receiver compartment was mixed and then sampled five times at 15-min intervals by withdrawing 400 mL of solution. When sampling was complete, the remaining 100 mL of exudation solution in the receiver compartment was removed and discarded, and then the receiver compartment was refilled with 0 . 5 mL of nutrient solution without 32 P. The solution in the treatment compartment was replaced with 0 . 05 % toluidine blue for 4 min to mark the root region exposed to 32 P. Leakage between compartments could be easily detected by movement of the toluidine blue to the receiver or leakage check chambers. Data from chambers showing any sign of compartment leakage (detected by blue dye) were discarded.
Due to the constraints of the experiment, it was not possible to measure all six genotypes on a given day. Therefore genotypes were paired for contrast in RCA abundance, one high and one low per pair. Roots from two contrasting RCA genotypes were simultaneously exposed to 32 P in separate chambers. One root was placed in each chamber and four replicates of each genotype were measured sequentially in each experiment. Each experiment was repeated twice, giving a total of eight replicates for each genotype. Root segments from the treatment compartment, now dyed blue, were excised and stored in 70 % ethanol for anatomical analysis. To assess 32 P accumulation within the root, the 10-mm segment extending from the treatment compartment to the receiver compartment ( Fig. 1A ) was ashed for 20 h at 500 8C. Acropetal movement of 32 P was checked by sampling the leakage check compartment, the nutrient solution bathing the root tip and ashed root tip samples, and no radioactivity was found. Samples were suspended in a gelling scintillation solvent (ScintiSafe Gel Cocktail, Fisher Scientific) and analysed by liquid scintillation spectroscopy (Packard Tri-Carb 1500, Packard Instruments, Meriden, CT, USA). The counts per million (c.p.m.) for 32 P exudation into the receiver compartment and the c.p.m. for 32 P within the 10-mm root section extending from the treatment compartment to the receiving chamber were added for calculation of 32 P influx, i.e. these values include all 32 P that was taken up and transported into the treatment compartment.
32 P exudation refers to only the 32 P that moved into the receiver compartment solution.
Experiment 2: Radial transport of phosphate, calcium and sulphate by roots of whole plants. Experiment 2 was conducted to evaluate radial nutrient transport in whole plants when radiolabel was applied to small seminal root segments of varying RCA levels. Seedlings were transferred to a laboratory adjacent to the greenhouse in 100-mL cups containing nutrient solution from the solution culture tanks, covering the entire root zone (Fig. 1B) . Radionuclide application chambers were constructed from a 500-ml polypropylene tube (Axygen Scientific, Union City, CA, USA) with two opposing 3-mm diameter holes in the side walls, rested on the edge of the cup by the tube lid. One seminal root from each plant was threaded through the holes in the tube and sealed with silicon grease, isolating a 6-mm length of root (the inner diameter of the tube) for exposure to radionuclides. Exposed root regions were at the basipetal end of the seminal root, 10-50 mm from the hypocotyl, and remained attached to the intact plant. The basipetal region of seminal roots was chosen for this experiment to maximize RCA variation, since in preliminary studies there was little RCA formation in sections more than 50 mm from the hypocotyl. This location also allowed consistency in the distance from the hypocotyl, which would have been greatly affected by root length if apical parts had been used. Nutrient solution (500 mL) without the element to be applied as radionuclide was added to the radionuclide application chamber for the short time (about 30 min) between sealing the root and adding the radionuclide in order to keep the root moist and to enable accurate calculation of specific activities once the radionuclide was added.
The isolated root segments were exposed to 10 mCi , the root zone being covered with aluminium foil and maintained at 25 8C by a circulating water bath surrounding the 100-mL cups. Plants from one full replicate (three treatments for three genotypes) were exposed to a single radionuclide at the same time and six replicates were used for each radionuclide, giving a total of 162 plants. After 30 min, shoots were excised, transferred to pre-weighed 20-mL scintillation vials, dried at 60 8C and weighed. Solution from the outer cup was sampled (500 mL) and dissolved in 10 mL scintillation cocktail (ScintiSafe Gel Cocktail for S treatments, Fisher Scientific) to check for radionuclide leaks from the application chamber. Samples were discarded if leaks were observed. Root regions to which radionuclide was applied were excised and stored in 25 % ethanol for later anatomical analysis. The remaining root system from each plant was then transferred to a 20-mL scintillation vial, dried at 60 8C and weighed.
Radionuclide content in the entire shoot of each plant was determined in the 32 P and 45 Ca treatments from ashed tissue (20 h at 500 8C) suspended in scintillation gel (ScintiSafe Gel Cocktail) using a liquid scintillation spectrometer (Packard Tri-Carb 1500). Radionuclide content in shoots from the 35 S treatment was determined according to (Naeve and Shibles, 2005) . Dried shoots were pulverized in a plastic scintillation vial with a methacrylate ball in a Mixer Mill 8000 (Spex, Inc.). For experiment 1, a modified Pitman chamber was used to treat a 7 . 4-mm. segment of an excised first-whorl crown root. This top view of the acrylic glass chamber shows the 0 . 5 mL receiver compartment, where 32 P exudation from the cut end of the root was measured, the 1-mL treatment chamber where the 32 P was added, and the 1-mL leakage check compartment adjacent to the treatment compartment. The root tip was in a water bath containing unlabelled nutrient solution. Uptake of P was measured by adding the counts from the receiver compartment and those from the root segment inside it. (B) The chamber for experiment 2 permitted application of labelled nutrients to a 6-mm region of an intact maize seminal root. A 100-mL cup contained the whole plant, with the roots bathed in nutrient solution. One seminal root was inserted through two holes in a polypropylene tube, the openings were sealed with silicon grease and radionuclide solution was added to the tube.
Tissue was decolorized by adding 1 -2 mL 6 % NaOCl and incubating for 2 h at 65 8C with vials tightly capped. Tissue was then suspended in scintillation cocktail (ScintiSafe Econo Cocktail) and counted on a liquid scintillation spectrometer with quench correction by the transformed spectral index of the external standard.
Morphological and anatomical characterization
The number of lateral roots was determined in each root segment to which radionuclide was applied, and root segments from the radionuclide-treated areas were hand-sectioned under a dissecting microscope (Nikon SMZ-U). Images of crosssections (three per sample in experiment 1; five in experiment 2) were acquired on a compound microscope (Nikon Diaphot; 40× or 100× magnification). Images were analysed for total root cross-sectional area (RXSA), stele area (SA) and percentage of root aerenchyma area in the cortex (%RCA) using RootScan (Burton et al., 2012) in experiment 1 and in GIMP v. 2 . 5 based on pixel number in experiment 2. Root hairs were present in some samples and were rated in experiment 2 on a scale of 0 -5, where 5 is highest, considering both number and length. Root hairs were very scarce in experiment 1 and were not included in the analyses. Surface area of the exposed root segment was estimated as the surface area of a cylinder, with the length determined by toluidine blue staining, and the radius was calculated from the cross-sectional area. In experiment 1, any lateral roots that were present were just emerging, so the surface area of each lateral root was estimated as the lateral surface area of a cone, with an estimated (based on visual observation) height of 1 mm and radius of 0 . 5 mm, giving a total of ,1 mm 2 per lateral root. The additional surface area contributed by lateral roots was found to be negligible (the maximum number of lateral roots would add less than 3 % to the surface area), so these were ignored in P efflux calculations. Lateral roots were more prevalent in experiment 2 and were quantified by counting the number of lateral roots per segment of radionuclidetreated root.
Data were analysed by linear regression, multiple regression and ANOVA using SAS 9 . 0 (SAS Institute Inc., Cary, NC, USA) in the first set of experiments and using SPSS v. 11 (SPSS Inc., 2005) in the second set of experiments. Data from each genotype were checked for homogeneity of variance.
RESULTS

Experiment 1:
32 P transport dynamics in excised root segments
Genetic variation among recombinant inbred lines was observed for root anatomy in the 32 P application zone (Table 1, Fig. 2 ). RXSA and SA were correlated (r 2 ¼ 0 . 6826), but the other variables, including %RCA and lateral root number (LRN), were independent of each other.
Phosphate uptake and exudation. Phosphate uptake rates varied nearly 30-fold among genotypes (Table 1 ). Since there was genetic variation in root diameter, which would influence the surface area from which phosphate could be taken up, uptake rates were calculated on both length and surface area bases, with similar results. Coefficients of variation for phosphate influx ( pmol mm 22 h 21 ) averaged 0 . 64. Multiple regressions showed that %RCA (P , 0 . 0001) and LRN (P ¼ 0 . 0024) had significant effects on phosphate uptake, while RXSA and SA did not, despite genetic variation for these traits. There was a significant negative correlation between phosphate uptake and %RCA (P , 0 . 001, Fig. 3 ). A positive relationship was observed between phosphate uptake and LRN (r 2 ¼ 0 . 39, P , 0 . 001). Lateral roots did not exceed 1 mm in length. We estimated the surface area of segments bearing lateral roots using RXSA, segment length, the number of lateral roots and lateral root surface area (see Materials and methods), and found that the small lateral roots that were present would cause less than 3 % increase in surface area. The effects of lateral roots on phosphate uptake in experiment 1 were therefore not due to the increased surface area. Lateral roots were particularly abundant on RIL 321 (5 -9 lateral roots) but were also present on root samples of the other genotypes (0 -3 lateral roots). If RIL 321 was omitted from the analysis, there was no relationship between P uptake and LRN (data not shown).
The time course of 32 P exudation into the receiver chamber showed that phosphate exudation by the low-RCA genotypes RIL 321, RIL 61 and RIL 369 was markedly greater than that by the high-RCA genotypes RIL 360, RIL 345 and RIL 15 (Fig. 4) . There was a delay of 15-30 min before phosphate exudation was detected. The highest rate of exudation occurred in genotype RIL 321, which had moderate RCA and high LRN (Table 1, Fig. 4) . Even when only the paired comparison for which both genotypes had low LRN is considered (RIL 61 (Table 2) . RIL 39 had the smallest dry plant mass (P ¼ 0 . 027), the highest level of RCA formation (P ¼ 0 . 014) and the lowest rating for root hair growth (P ¼ 0 . 017). RIL 76 had the greatest dry plant mass (P ¼ 0 . 027), the greatest RXSA (P , 0 . 001), the greatest SA as a percentage of RXSA (%SA) (P ¼ 0 . 086), and the highest LRN in the root segment sampled (P , 0 . 001). Trends in plant In general, roots appeared to be more mature in experiment 2 than in experiment 1. The response to ethylene and 1-MCP treatments varied with genotype (Table 2) . In RIL 39, the lowest RXSA (P ¼ 0 . 005) and the highest %SA (P , 0 . 001) were observed in the 1-MCP treatment. Treatments did not affect RCA formation in RIL 39. In RIL 76, roots in the 1-MCP treatment had significantly less RCA formation than in the ethylene treatment (P ¼ 0 . 043) and both 1-MCP and ethylene reduced LRN (P ¼ 0 . 012). RIL 364 roots treated with 1-MCP had less RCA than ethylene-treated roots, but this effect was significant only in roots with RXSA greater than 1 . 5 mm 2 . Visual observations of whole root systems indicated that the 1-MCP treatment caused a lengthening of lateral roots in general. No relationship between treatment and root hair formation was observed, perhaps because root hairs formed on these segments of the roots before the seedlings were exposed to ethylene or 1-MCP.
The combination of different genotypes and treatments yielded a wide variation in abundance of RCA (Fig. 2) , ranging from 1 . 31 % for the 1-MCP treatment of RIL 76 to 11 . 34 % for the 1-MCP treatment of RIL 39. Coefficients of variation for %RCA ranged from 0 . 48 in the 1-MCP treatment of RIL 39 to 1 . 91 in the 1-MCP treatment of RIL 76. The treatments affected other anatomical traits in addition to RCA; for example, 1-MCP had a tendency to reduce RXSA and increase the proportion of SA, but this was only significant in RIL 39. The coefficient of variation among the five sub-replicate cross-section images in almost all exposed root regions was ,1 for %RCA, RXSA and %SA. No relationship was observed between plant mass and RCA in the 6-mm sampled root segments.
Nutrient transport. Over the 30 min uptake experiments, an average of 0 . 036 + 0 . 008 nmol calcium, 4 . 31 + 0 . 49 nmol phosphate and 20 . 4 + 2 . 12 nmol sulphate was taken up by the 6-mm root segment to which radionuclide was applied and transported to the shoot. Coefficients of variation for nutrient uptake were high, with values of 2 . 27 for calcium, 1 . 12 for phosphate and 1 . 08 for sulphate (average coefficient of variation for the study, 1 . 49 + 0 . 39).
When compared over all genotypes and treatments applied for each nutrient studied in experiment 2, no significant effect of RCA on radial nutrient transport was observed. However, a direct relationship was observed between nutrient transport and RCA in certain genotype and nutrient combinations (Fig. 5) . For statistical analysis, a variable for classes of RXSA was created by grouping roots of ,0 . 5 mm 2 (much less than the average area of 1 . 6 mm 2 and about 4 % of all samples), 0 . 5-1 . 5 mm 2 (43 % of all samples) and .1 . 5 mm 2 (53 % of all samples). Calcium transport was negatively related to RCA in RIL 76 (r 2 ¼ 0 . 337, P ¼ 0 . 029; Fig. 5A ), and also in roots with a cross-section area .1 . 5 mm 2 in all genotypes and treatments (r 2 ¼ 0 . 124, P ¼ 0 . 092). Phosphate transport was negatively correlated with RCA in RIL 364 (r 2 ¼ 0 . 388, P ¼ 0 . 017; Fig. 5B ), and also in roots with a cross-section area between 0 . 5 and 1 . 5 mm 2 (r 2 ¼ 0 . 292, P ¼ 0 . 046). No direct relationship between sulphate transport and RCA was observed. Other root attributes were also related to radial nutrient transport (Table 3) .
Radionuclide content of a 500-ml sample from the cup solution surrounding the main root system averaged 16 + 0 . 4 nCi for 35 Ca, 25 + 0 . 5 nCi for 32 P and 1 . 18 + 0 . 03 mCi for 45 S. Nutrient transport was correlated with radionuclide content of the cup solution sample only for sulphate (r 2 ¼ 0 . 096, P ¼ 0 . 022).
DISCUSSION
Formation of RCA reduced uptake rates of phosphate in 14-to 16-day-old excised roots and whole maize plants, and negative trends were observed between RCA formation and uptake of sulphate and calcium in whole plants. Although large variability in nutrient transport was observed, which was likely due to variation in RCA as well as other root attributes (Table 3) , it was notable that no positive correlations between RCA formation and nutrient transport were observed.
Of the three nutrient ions tested, phosphate showed the most significant reduction in uptake, though calcium and sulphate uptake also tended to decline with increasing RCA (Fig. 5) . Radial nutrient transport across the cortex involves both the apoplast and symplast, and nutrient ions can enter the symplastic pathway via all cell types outside the endodermis (Tester and Leigh, 2001 ). Sulphate and phosphate share comparable internal transport pathways, predominantly through the symplast, since they are similar in size and charge. Formation of RCA could reduce nutrient transport into the symplast by reducing the number and surface area of living cells between the epidermis and stele. Apoplastic radial pathways through the cortex would 
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For each nutrient, the table lists sample groups for which a significant regression model was identified, as well as the root traits in the model, their significance levels (P) and the overall fit (r 2 ) of the model. also be more tortuous, with fewer intercellular routes. On the other hand, if some aerenchyma lacunae are lined or filled with aqueous solution, as evidence suggests (van der Weele et al., 1996) , ions could diffuse along the inside of the lacunae and be taken up by cortical cells. The rate of movement of solutes towards the stele would be much faster in this case, based on dye diffusion experiments (van der Weele et al., 1996) . The irregularity of occurrence of these water-filled or water-lined lacunae (van der Weele et al., 1996) could account for some of the variability in our nutrient transport data. The generally negative effects of RCA on nutrient transport in our experiments suggest that the tortuosity imposed by loss of cortical cells was more important than any advantage gained by water content of the lacunae.
RCA slightly reduced calcium transport, but only in largerdiameter roots when all genotypes were included in the analysis (Table 3) . For individual genotypes, only RIL 76 showed significant RCA effects on calcium uptake (Fig. 5 ). RIL 76 also had the largest plant mass, RXSA and LCA and the lowest RCA. Since calcium intracellular homeostasis is characterized by low calcium concentrations and therefore low potential symplastic fluxes, most calcium is probably transported in the apoplast until it passes the endodermis (Clarkson, 1984; Drew and Fourcy, 1986; Halperin et al., 1997) , although Cholewa and Peterson (2004) concluded that radial movement of Ca 2+ in the root occurs at least partially in the symplast. It is possible that the interruption in apoplastic flow caused by RCA was important only in the context of larger roots with longer apoplastic pathways. Interestingly, the effect of stele size on nutrient transport was positive for phosphate and sulphate but negative for calcium.
Previous studies reported that RCA does not reduce radial nutrient transport in maize (Drew and Fourcy, 1986) , and may even increase it (Drew and Saker, 1986; van der Weele et al., 1996) . Drew and Saker (1986) ) towards the endodermis in aerenchymatous roots was interpreted by the authors as confirmation that RCA did not reduce radial nutrient transport. Our results confirm that nutrient uptake is ongoing across the cortex of aerenchymatous maize roots. However, the previous studies induced RCA formation using a hypoxic pre-treatment, which may have had additional effects (e.g. via reduced ATP levels) on subsequent nutrient transport apart from any direct influence of RCA (e.g. Drew et al., 1980; Drew and Saker, 1986) . Low oxygen supply has been shown to reduce both root hydraulic conductance and ion uptake of maize grown in solution culture, and these effects were not reversible within 5 h (Birner and Steudle, 1993) . We observed no effect or a negative relationship between RCA and nutrient uptake, quantified as transport to distal tissue, where variation in the amount of RCA was produced by genetic contrasts and ethylene or 1-MCP treatments. Since ethylene is a part of the normal signal transduction pathway for aerenchyma formation in maize (Drew et al., 2000) , its use as an RCA-inducing treatment is unlikely to cause artefacts. Therefore, the different conclusions on the effects of RCA formation on nutrient uptake between previous studies and ours appear to be attributable to a combination of interpretation of results and methodology.
Although the genotypes in this study were closely related, significant variation among genotypes was observed for growth and RCA formation. In experiment 1, using root segments, genotypes with a greater range of RCA values were used, and the impact of RCA on 32 P uptake and transport was highly significant. In experiment 2, only RIL 39 showed a significant effect of RCA on 32 P uptake (Table 3) , but of the three genotypes in this study, this genotype had the highest RCA and the greatest range in RCAvalues (Table 2 ). LRN had a significant effect on phosphate transport in both sets of experiments (Table 3 ). For the low-RCA genotype RIL 321, which had many lateral roots in the 32 P treatment zone, some replicates had phosphate uptake values that were even higher than the I max for phosphate uptake calculated by Bhadoria et al. (2004) . This suggests that lateral roots played an important role in phosphate uptake, and might be an important route for phosphate loading from outside the root into the xylem of the seminal root. Furthermore, the lateral roots increased the root surface area available for phosphate uptake. Our calculations suggest that the additional surface area from these small lateral roots was not sufficient to explain the large increase in 32 P uptake. More likely, the lack of suberization of endodermal and hypodermal layers at the nascent root apex (Ma and Peterson, 2003; Baxter et al., 2009) , and possibly the disturbance of the cortical tissue caused by emergence of the lateral root (Kumpf et al., 2013) , could have provided highvolume pathways for nutrient uptake. Likewise, root hairs and RXSA contributed to 32 P uptake in experiment 2 (Table 3) , most likely as a result of the increased surface area for P uptake.
In conclusion, we observed slight negative correlations between radial nutrient transport and RCA formation, and nutrient transport was highly variable due to variation in root attributes other than RCA. High-RCA genotypes had low phosphate uptake based on the time course study. Additional research is necessary in order to assess potential trade-offs of RCA for plant productivity, including studies in nutrient-deficient conditions and studies measuring RCA in the entire root system.
